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STATEMENT  OF  PROBLEM 


There  is  rassoa  to  bsllovs-  that51  thermocouples  cur- 
p  rsntly  in  use  on  missile  and  aircraft  installations,  for 
aeaeuring  air  temperatures  {in  the  approximate  range  70°F  - 
200°F)  in  the  vicinity  of  radiant  heat  sources,  are  not 
optimum  from  the  standpoint  of  accuracy,  uniformity, 
complexity,  and  structural  properties.  Specifically, 
thermocouple*  pr***ntly  u*ed  extensively  on  B-62  test  stand 
programs  and  on  F~£9  engine  bay  cooling  programs  are  suspected 
of  being  eeriouely  in  error  and  diverse  in  performance. 

The  objective*  of  the  present  teat  are  twofold:  (1) 
to  compare  the  air  temperatures  mea*urad  by  thermocouples 
now  in  uae  with  temperatures  measured  by  a  reference 
"standard"  taken  to  be  measuring  strue"  air  temperature; 

(2)  to  coppar*  the  reading*  of  several  verities  of 
thermocouple* with  reading*  obtained  from  the  apecimena 
above,  and  with  the  standard,  in  an  effort  to  ascertain 
the  optimum  instrument. 

The  emphasis  in  the  present  investigation,  then,  is 
on  comparison,  in  order  to  rank  the  specimens  in  order  of 
increasing  accuracy,  where  accuracy  is  defined  as  the 
difference  between  -speeiinan  reading  and  standard  reading 
for  a  particular  operating  condition,  or  "fix".  It  waB 
anticipated  that  the  data  gathered  in  compliance  with 
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the  first-named  objective  above  could  be  used  for  cor¬ 
recting  the  temperature  readings  of  thermocouples 
presently  in  use;  however,  such  a  procedure  should  be 
used  with  reservation,  and  only  when  it  is  impractical 
to  install  more  accurate  thermocouples  and  repeat  a 
given  test. 

Once  an  optimum  instrument  ia  chosen,  the  calibra¬ 
tion  of  a  few  random  samples  of  the  specimen  will  give 
a  measure  of  the  quality  control. 

In  conformity  with  the  objectives,  the  following 
specimens  were  tested: 

(1)  and.  (2):  Two  sample  1  in,  long,  single-shield, 
specimens  (Figure  4 B) 

(3) :  One  2  in.  long,  single-shield,  specimen 

{Figure  4B) 

(4) :  Cne  2  in,  long,  double-shield,  epecimen 

(Figure  4C) 

( 5 } ;  One  2  in.  long,  triple-shield,  specimen 

(Figure  40) 

(6) :  One  Revere  Corporation  thermocouple  - 

a  1-1/4  in.  long  triple  shield  specimen 
with  encapsulated  junction.  (Reference 
Revere  TK27C2P  Modification  by  NAI  ETD 
#702369,  pg.  2,  item  12) 

(7) :  On#  bare  thermocouple  (Photo  pg,  ?2  ) 
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{'3)  and  ( 9 ) •  Two  sample  "umbrella'1  -  shield  specimens  (Figure  4A) 
currently  in  use  on  F-89  engine  bay  cooling  programs. 
The  shield  material  is  stainleswMteel  tubing;  the  elements 
are  Iron-Constantan  with  silver-soldered  junctions.  Photographs 
of  the  specimens  are  shown  on  pg.71  -  74. 

As  the  test  progressed,  it  became  evident  that  eome  room 
was  left  for  improvement;  accordingly,  the  following  additional 
specimens  were  designed  and  tested: 

(10) :  One  sample  2  in.  x  2  in.  flat  umbrella-shield  specimen 

(Figure  4E) 

(11) :  Same  as  (10)  but  with  insulation  and  aluminum  foil  over 

top  of  shield. 

(12) :  One  sample  2  in.  long  lnner-3  in.  long  outer-shield 

specimen  (Pigure  4G). 

(13) :  Sams  as  (12)  but  with  Venturi-shaped  inner  shield  (Figure 

4F) 

The  temperature-sensing  element  la  the  same  as  for  the 
samples  (1)  through  (9)  above,  but  the  shield  material  is  aluminum. 
Photographs  of  the  specimens  tested  are  shown  on  pages 


The  temperatures  measured  by  these  specimens  were  compared 
to  that  measured  by  a  double-shielded  aapirated  thermocouple 
which  was  need  as  a  standard.  The  test  chamber  used  (Figure  5 
and  photos  pg.  70  )  was  dimensioned  so  as  to  simulate  conditions 
extant  in  the  engine  bay,  and  several  representative  flow  and 
hot  wall  conditions  wars  considered. 


HO 
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CONCLUSIONS 


Strictly  speaking,  the  performance  of  the  various 
specimens  is  limited  to  the  present  experimental  con¬ 
figuration,  (Reference  10),  but  there  ia  little  reason 
to  believe  that  the  order  of  increasing  accuracy  dis¬ 
covered  here  would  actually  be  reversed  for  a  different 
teat  chamber  geometry.  Furthermore,  while  the  inaccuracy 
ia  not  the  same  function  of  flow  and  hot  wall  conditions 
for  each  specimen,  the  overall  test  results  suggest  the 
following  ranking,  in  order  of  increasing  accuracy 
(numbering  refers  to  that  assigned  to  specimens  under 
"Statement  of  Problem",  above): 

(9)  <(2)  <(7)  <(1)  <(8)  <(6}  -  (3)  -  (4)  <(10)  <(11)  <(13)  <(5)  <(12) 
The  actual  test  results  are  shown  in  the  graphs  of  Figures  2. 

Two  striking  results  are  immediately  apparent  from 
the  abovs  arrangement*  (a)  The  difference  in  the  per¬ 
formance  of  samples  of,  presumably,  the  same  specimen, 
e.g.,  thermocouples  (1)  and  (2)  and,  particularly ,  (9) 
and  (9)*  (b)  The  approximately  equal  performance  of  such 
geometrically  disoioilir  specimens  as  (3),  (4),  and  (6). 

As  was  suspected,  the  thermocouples  now  in  use  are 
reading  much  too  high,  end  the  data  of  Figure  2F,  or 
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Table  1  which  show*  the  range  of  applicability 
(specimen-measured  Mr  tsmpss^Wra)  should  bo  used 
to  "correct*  the  readings  obtained  in  the  peat  with 
these  instruments. 

The  results  {Figures  2H)  from  one  of  the  newly 
designed  instruments*  specimen  number  (12} ,  with  the 
3  in.  long  outer,  2  in.  long  inner,  aluminum  shields 
(Figure  40)  are  very  encouraging.  This  instrument 
functions  every  bit  as  well  aa  the  more  cumbersome 
standard  in  the  presence  of  a  hot  wall  radiant  source 
aa  high  aa  900UF  when  the  air  temperature  ia  in  the 
vicinity  of  70 3  -  90CF,  and  the  flow  is  in  the  vicinity 

of  4$  'lb  -  min“^  ft  For  a  somewhat  lower  flow,  19 

-1-2 

lb  -  min  -  ft  ,  this  instrument  measured  10  “F  above 
the  standard  for  a  hot  wall  of  900°F  and  air  temperature 
in  the  vicinity  of  3 0 “  -  1C0“F.  At  still  lower  flows 
(9.6  lb  -  esin"^  -  ft"2)  the  error  is  somewhat  greater, 
the  specimen  reading  14fcF  above  the  standard  for  both  a 
?00“F  and  a  900°?  hot  wall.  "  For  aero  main  air  flow 
this  instrument  roads  35“?  above  tha  standard  for  a  hot 
wall  at  900WF,  49°F  above  the  standard  for  a  hot  wall 
at  700“?,  and  27WF  above  the  standard  for  a  5C0“F  hot 
wall.  3ven  so,  it  will  be  noted  that  this  double-shield 
specimen  performs  considerably  better  than  any  other 
specimen  tested  for  all  flow  and  hot  wall  conditions 


considered  ((]£  Figures  2D  and  H).  It  is  interesting  to 
note  that  whereas  the  elope  {ir.tfS'pretod  as  the  rat©  of 
change  of  "error"  vith  hot  wall  temperature)  of  most  of 
the  curves  increases  with  increasing  hot  wall  tempera¬ 
ture,  in  the  case  of  both  this  double-shield  and  the 
triple-shield  specimens  it  decreases  with  increasing  hot 
wall  temperature  in  the  moderate  to  low  flow  ranger*. 

The  effect  of  flow  orientation  on  this  double-shield 
instrument  is  shown  on  Figures  3Q,  R,  S  and  T. 

The  consideration  of  an  "umbrella"  shield  thenco-^ 
couple,  which  a  perfunctory  thermodynamic  analysis 
indicates  to  be  subject  to  great  error,  is  justified  in 
the  desire  for  a  device  that  is  insensitive  to  flow 
orientation.  The  umbrella-shield  specimens  are  indeed 
less  sensitive  to  the  air  flow  rector,  but  the  steeper 
slope  of  the  curves,  signifying  greater  intrinsic 
error,  exaggerates  any  differences  as  shown  on  Figures  ), 
The  flat  umbrella-shield  thermocouples  (Figure  4E)  were 
designed  in  sn  effort  to  overeoae  the  effect  of  shield 
curvature,  which  modifies  the  air  flow  pattern  over  the 
junction  as  orientation  is  changed.  An  additional 
advantage  of  the  flat  shield  is  that  it  precludes  the 
possibility  of  radiation  being  focused  on  the  junction 
by  the  shield.  The  instrument  designed,  particularly 


(Figure  2F)  with  the  better  of  the  curved-umbrella- 
shield  specimens  (Spec.  8)  now  in  use  and  has  the 
added  advantage  of  being  less  sensitive  to  flow 
orientation  (Figures  3  Kj  H,  0,  and  P)  and  of 
requiring  lees  care  in  manufacture.  However,  the 
decreased  flow-orientation  sensitivity  is  not  felt 
to  be  of  sufficient  significance  to  warrant  this 
instrument’s  use  {especially  in  view  of  its 
greater  inherent  inaccuracy}  in  deference  to  the 
completely  shielded  instrument. 

Thermodynamic  considerations  indicate  that  the 

various  specimens  should  read  "truer"  at  high  flows 

and  such  is  indeed  the  case.  Figure  la,  for 

example,  Indicates  that  it  would  be  fairly  safe 

*1  -2 

to  assume  that  above  about  100  lb.  -  ft  , 

and  a  hot  wall  radiant  source  at  900'IF,  the  devia¬ 
tions  among  the  various  specimens,  as  well  as  the 
deviations  of  each  specimen  from  "true"  air  tempera 
ture,  will  not  be  significant.  Figures  1  are 
included  merely  to  indicate  the  nature  of  the 
dependence  of  temperature  reading  on  flow  and 
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do  not  give  a  true  picture  of  tin?  inaccuracy. 

The  points  along  a  given  ordinate  represent 
different  "fixes*,  e.g.,  at  12  lb  -  min“l  ft2  and 
a  90QT  hot  wall  the  reading  of  the  curved- 
umbrella  specimen  is  referred  to  the  upper  curve 
of  the  standard  whereas  the  2  in.  single-shield 
specimen  refers  to  the  lower  curve  (Table  1  ). 

For  the  sake  of  clarity  not  all  of  the  specimens 
are  shown  on  these  graphs. 

Since  the  hot  wall  could  not  be  maintained  at 
a  uniform  temperature  throughout,  the  temperatures 
near  the  center  of  the  hot  wall  were  adjusted  to 
500",  700%  and  900"?  for  the  various  runs 
(Reference  10).  Some  typical  temperature  distri¬ 
butions  are  shown  in  Table  1. 

A  calibration  test  was  run  by  simultaneously 
immersing  all  the  specimen*  in  a  bath  of  Dow  Corning 
4710  Fluid- .  At  bath  temperatures  of  70'"'F,  15CTF, 
and  212“F  (a*  measured  by  a  mcreury-in-glase 
therm -peter)  all  the  specimens  read  within  one  or 
two  degrees  of  one  another,  and  no  specimen  gave 
a  temperature  differing  by  more  than  3U  from  that 
indicated  by  the  thermometer. 
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The  following  "fixes’'  were  used  as  being  representa¬ 
tive  of  conditions  for  which  application  of  the  thermo¬ 
couple  is  contemplated: 

48  Ib-min"^  ft“2;  turbulent  flow;  hot  wall  50Cr  (  ?00“F#  and  900°F  (1) 

(i  ti  ti  .  n  n  n  fl  ti  n 


n  n  i*  n  n  ti  *»  »t  it 

0  flow;  hot  wall  500" ,  700",  and  9C0"F 

The  aspirated  air  flows  for  the  standard  (reference) 
thermocouple  are  as  follows: 

20  lb-hr-1  for  900°F  hot  wall,  zero  flow 


i&  H 

H 

700 "F  "  " 

n 

r? 

16  " 

n 

500"F  ”  M 

It 

n 

14  " 

with 

flow,  for  all  hot 

wall 

temperatures* 

Under  these  conditions,  the  standard  was  taken 
to  bo  meaturing  "tru*'1  air  temperature. 


Note  (1)  As  mentioned  under  "conclusion"  above,  these 
temperatures  refer  to  the  center  of  the  hot  wall, 
immediately  above  the  specimen  and  standard. 
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The  paramount  assumption  in  the  present  investiga¬ 
tion  is  that  the  reference  standard ,  which  is  a  double-* 
shield  aBpirated  thermocouple  (Figure  6)  gives  a  true 
indication  of  the  air  temperature. 

The  idea  of  an  aspirated  thermocouple  is  an  old 
one,  dating  back  as  early  as  1687  in  a  model  used  by 
R.  Asatrian  (Reference  1);  it  soon  became  an  established 
mean#  of  temperature  measurement  in  Germany,  and,  at 
one  time,  imported  models  sold  for  $300.00  in  this 
country* 

The  instrument  used  in  the  present  test  is  quite 
similar  to  Assjcanfs  early  model  and  operates  on  the 
same  principle  (Reference  5)»  Thermocouples  in  the 
vicinity  of  radiant  sources  will  be  at  a  higher 
temperature  than  the  surrounding  air,  provided  that 
the  air  is  at  a  lower  temperature  than  the  radiant 
source,  due  to  the  radiation  incident  on  the  thermo¬ 
couple  In  the  converse  case,  where  hot  air  la 

flowing  through  a  cool  duct,  the  thermocouple  will 
register  a  lower  temperature  than  that  of  the  air 
since  it  looses  heat,  via  radiation,  to  the  cooler 

walls  {References  2  and  3).  By  increasing  the 
NoWtlT  for  all  practical"  purposes',  air  may  be  considered  trans- 

parent  to  this  radiation;  it  therefore  becomes  heated  by  oonvsction 

fro®  the  hot  wail. 
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velocity  of  the  air  over  the  junction,  the  Musselt 
modulus,  and  hence  the  rate  of  c os^eetivs  heat  transfer, 
is  increased  so  that  the  temperature  of  the  junction 
approaches  the  air  temperature*  Each  increment  in  air 
velocity  will  result  in  a  decrement  in  the  temperature 
registered  by  the  thermocouple  until -a  point  is  reached 
at  which  further  increase  in  flow  leads  to  no  change 
in  temperature.  This  point,  then,  may  be  taken  as  the 
definition  of  "true"  %ir’ temperature. 

It  frhduld  be  noted,  however,  that  if  the  temperature 

,  / «  i 

v,  '  registered  by  the  thermocouple  is  plotted  varsus  the 
aspirated  air  flow  a  curve  resembling  one  branch  of 
hyperbola  Is  obtained.  In  other  words,  the  point  at 
which  a  further  increase  in  air  flow  leads  to  no  further 
decrease  in  measured  temperature  may  not  ba  the  lowest 
temperature  the  instrument-  could  measure.  Thus,  where¬ 
as  2  lb-hr"^  increments  may  be  quite  satisfactory  near 
the  "knee*  of  the  curve,  as  the  asymptote  is  approached 
a  further  decrease  of  2  or  3  degrees  might  bo  obtained 
after  three  or  four  additional  2  lb-hr**^  increments. 

The  reason  for  belaboring  the  above  point  io  that 
the  "good"  specimen  wae  so  good  it  exceeded  the  accuracy 
of  the  standard,  (’under  tha  present  experimental  condi¬ 
tions)  reading  3i'i?  lower  at  one  fix  (i+3  lb-min”*  -  ft”*; 
9Q0UF  hot  wall.)  This  does  not  militate  against 
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the  utility  of  the  present  investigation  whoa®  primary 
objective  was  the,  choice  of  an  opTimum  instrument  from 
among  &  group  of  ecaciaane  whose  performances  were 
compared.  For  this  reason,  the  curves  (Figure  29)  are 
not  extended  below  the  abscissa.  In  other  words,  having 
chosen  a  standard,  it  would  be  incompatible  with  the 
thermodynamics  of  the  present  situation  (radiant  source 
and  cooler  air)  to  draw  a  graph  indicating  that  a 
certain  number  of  degrees  are  to  be  added  to  the  reading 
of  the  specimen,  for  aa  noted  above,  It  is  possible 
for  the  aspirated  thermocouple  to  read  slightly  above 
the  true  air  temperature  because  of  the  asymptotic 
nature  of  its  temperature  vs  air  flow  curve. 

An  additional  assumption,  though  it  would  seem  from 
symmetry  considerations  to  be  a  very  reasonable  one,  is 
that  the  specimen  and  the  aspirated  thermocouple  each 
measure  the  same  thing,  i.e.,  air  at  the  same  temperature 
and  under  roughly  equal  flow  conditions.  Furthermore, 
thus  specimen  and  standard  are  regarded  as  being  in, 
essentially,  the  same  environment  from  a  radiation  and 
over-all  flow  pattern  standpoint. 
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RECOMMENDATIONS 


St  is  racommandcd  that  the  use  of  all  umbrella-shield 
thermocouples  be  discontinued.  Temperatures  formerly  recorded 
by  these  instruments  and  used  in  current  analyceo  should  be 
corrected  by  interpolating  between  the  two  samples  tested 
(Figure  2F),  though  the  use  of  such  a  correction  procedure 
is  discouraged  as  noted  in  Reference  (3). 

Use  of  the  2  in.  long  inner,  3  in.  long  outer  aluminum- 
shield  specimen  (Figure  Z, G)  is  recommended;  these  devices 
should  be  used  for  instrumentation  requiring  the  measurement 
of  air  temperatures  in  the  vicinity  of  radiant  heat  sources 
and  air  flows  in  the  range  covered  by  these  teste. 

Three  or  four  random  samples  should  be  chosen  from  a 
group  of  these  specimens  in  order  to  obtain  a  measure  of  the 
dispersion,  or  scatter,  in  their  accuracy.  It  is  essential 
that  reasonable  care  be  exercised  to  assure  a  uniform  product 
as  attested  to  by  the  wide  discrepancies  noted  above  between 
samples  of  the  sense  specimen.  Whether  e  correction,  using 
graphs  such  as  Figure  2H,  ie  to  be  applied  to  the  readings 
obtained: with  this  instrument  nruy  be  left  to  the  discretion 
of  the  engineer  in  charge.  It  is  believed,  however, that  the 
accuracy  of  this  type  of  instrument  is  adequate  for  the  tests 
and  heat  transfer  analyses  conducted  on  engine  bays,  although 
it  nay  bo  desirable  to  apply  a  correction  for  flow  orientation, 
using  the  curves  of  Figures  3Q,  3R,  3S  and  3T. 
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ANALYSIS 


Reports  dealing  with  the  cisaiivureinent  of  gas 
temperatures  are  legion  (Reference  4) .  However,  no 
previous  work  in  the  nature  of  the  preient  study  seems 
to  hare  been  undertaken. 

noted  in  all  these  reports,  the  exact  measure¬ 
ment  of  air  temperatures  is  hindered  by  the  many  in¬ 
accuracies  inherent:  in  ihiB  type  of  measurement.  These 
errors*  while  they  cannot  be  eliminated  in  their 
entirety,  may,  however,  be  r  find  are  d  much  less  effective 
(References  6  and  7).  Among  the  more  influential 
factors  contributing  to  the  error  of  measurement  the 
following  cay  be  singled  out  as  deserving  special 
consideration: 

Conduction  Error;  If  the  thermocouple  is  attached 

to  a  surface  at  a  lower  (or-  higher)  temperature 

than  the  air  stream,  heat  will  be  conducted  away 

from  (or  to)  the  junction  along  the  thermocouple 

leads  to  lor  from)  -the  cooler  (or  hotter)  surface 

with  the  result  that  tha  thermocouple  junction 

will  read  too  high  (or  too  low).  This  effect  can 

/  ]_  \ 

be  reduced  (a)  by  decreasing  the  wire  diameter 


jther  thins 


iual,  a  reduction 


ms  a 


in  the  leads  of  a  bare  thermocouple  resulted  in  an  increase  In 
measured  air  temperature  from  1850UF  to  1950°F  (the  latter  being 


closer  to  "true*  air  temperatura]  -  Ref-  Fig. 
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(bj  by  insulating  the  wire  from  the  point  of 
attachment ,  and  (c)  by  exposing  a  section  of 
tha  bare  wire,  leading  away  from  the  junction, 
to  the  air  stream;  the  latter  procedure  helps 
to  maintain  the  junction  at  air  temperature  by 
keeping  the  conduction  path  leading  from  the 
junction  near  air  temperature.  The  conduction 
error  may  be  evaluated  from 


(Ti  -  T}( 


V-  T 


(1) 


cosh  (mL) 

where  T  =  Total  temperature  (Theoretical  value) 
=  Indicated  total  temperature  (Ti  >  T) 
Tw  ■*  Wall  temperature  (Tv>  >  Tj.  >  T.)  -  - 
L  °  Immersed  length  of  probe. 


and, 

where  h 

k 

S 

A 


a 


hS 


kA 


(la) 


=■  Surface  coefficient  ('’Film  coefficient") 
of  heat  transfer. 

*■  Thermal  conductivity  of  probe  material. 

«  Surface  Area  of  probe. 

»  Cross-sectional  area  of  probe. 
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From  Equation  (1)  it  follows  that  the  conduction 
error  is  directly  proportional  to  tho  difference 
between  the  temperature  of  the  gas  and  the 
temperature  of  the  wall  in, which  the  probe  is 
mounted  and  inversely  proportional  to  the  length 
of  the  probe.  Furthermore,  it  is  seen  that  the 
error  becomes  smaller  with  increasing  m  (Equation 
la),  i.e.,  when  the  surface  coefficient  of  heat 
transfer  is  large,  and  when  the  thermal  conduc¬ 
tivity  and  cross-sectional  area  of  the  probe 
are  small. 

Radiation  Error;  Thermocouples,  in  the  presence 
of  radiant  sources  at  a  temperature  above  that 
of  the  surrounding  air,  receive  heat  directly 
from  the  radiating  source  (air  being  transparent 
to  this  radiation)  and  hence  will  be  at  a 
temperature  above  that  of  the  air#  Two  means 
of  combating  this  problem  are:  (a)  Shielding 
the  junction  from  the  radiant  source  using 
one  or  more  shields  (b)  Increasing  the  velocity 
of  the  air  over  the  junction  which  has  the 
effect  of  increasing  the  Reynolds*  modulus  which, 
at  a  given  temperature  (constant  Prandtl  modulus). 
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increases  the  Kusselt  modulus;  thus  more  heat 
ia  convected  away  from  the  junction  (or  towards 
the  junction  if  the  latter  happens  to  be  below 
air  temperature}  with  the  result  that  it  approxi¬ 
mates  the  air  temperature  more  closely.  The 
thermooetric  error,  (T^  -  T)^,  due  to  radiative 
heat  exchange  between  the  sensing  element  and 
the  surroundings,  for  a  temperature  probe  with 
one  radiation  shield  and  a  surface  area  of  the 
sensing  element  small  compared  with  the  surface 
area  of  the  shield,  is  given  by 


<?1  -  TV  • 


(100  1  ”  *  100 


where  C~  =  Stephan-Boltzmann  constant 

(l  <*  Emissivity  of  the  temperature 
sensing  element 

h  *  Surface  coefficient  of  heat  transfer 
from  the  sensing  element  to  the  gas. 

T,  Tj,  and  Te  *  The  total  temperature  of  the  ges, 

the  indicated  temperature  of  the 
probe,  and  the  temperature  of 
the  radiation  shield,  respectively. 
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\  Equation  (2)  shews  that,  in  order  to  reduce 
the  radiation  error,  the__emisaivifcy  of  the 
flensing  element  should  be  low  (this  is  one 
reason  for  silver-soldering  the  junction), 
that  the  surface  coefficient  of  heat  transfer 
should  he  large,  and  that  the  temperature 
difference  between  the  element  and  the  radiation 
shield  should  be  small;  this  Is  sometimes 
accomplished  by  Surrounding  the  inner  shield 
•-.-.r with  one  or  more  outer  shields.  Interposing 
one  shield  between  a  radiating  body  and  its 
surrounding*  will  reduce  the  radiation  by  one- 
half,  or  to  l/(n  +  1)  of  the  value  without 
shields,  for  approximately  stagnant  air 
(Reference  2)  and  to  about  l/2n  with  flowing 
air  (Reference  3),  where  n  io  the  number  of 
shields. 

Impact  and  Friction  Errori  These  effects  cause 
the  thermocouple  to  read  too  high*  Friction, 
in  the  boundary  layer  adjacent  to  the  junction, 
will  cause  the  boundary  layer  to  assume  a 
temperature  somewhat  higher  than  free  stream 
and  the  compressibility  effects  will  do  likewise. 
The  compressibility  effects  are  accounted  for  ' 


where  M  *  Mach  number 

(f  a  Ratio  of  specif ic  heats,  Cp/C^, 

T  a  Total  temperature 

T0  *  Static  temperature 

The  fact  that  the  gas  at  the  probe  surface  has 
a  temperature  greater  than  free  stream  temperature, 
T0,  (and  lower  than  T)  is  taken  into  account  by 
defining  a  "recovery  factor,” 


p  •  (Tr  -  Tq)/(T  -  T0) ,  <4) 


where  T0  <  Tr  <"T  and  Tr  is  called  the  recovery 
temperature.  As  seen  by  Eq,  (4),  r  ie  a  measure 
of  the  fraction  of  the  difference  between  T  and  T0 
by  which  the  sensing  element  increases  in  tempera¬ 
ture  due  to  the  conversion  of  kinetic  energy  into 
heat  energy.  At  the  low  flows  herein  considered, 

i 

this  source  of  error  may  be  neglected  in  comparison 
with  the  radiation  and  conduction  errors. 

In  summary,  the  temperature  assumed  by  the  thermo¬ 
couple  ia  characteristic  of  a  steady  stats  in  which  the 
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rats  of  heat  transfer  from  the  surroundings  t£  the 
junction,  via  radiation,  is  equal  to  the  rate  of  heat 
transfer  from  the  junction  to  the  surroundings  via 
convection  and  conduction. 

Assuming  that  the  conduction  error  ia  made  negligible 
by  proper  insulation,  etc.,  then,  in  steady  state. 


Qr  *  Qc 


i.e.,  the  radiated  heat  in  equals  the  convected  heat 
out.  Furthermore, 


Q«  *  h0  Ap  <Tp  -  Tg),  BTU/hr 


9h  “  Ap  Fa  *  Tp4),  BTU/hr  (' 

It  is  more  convenient  to  put  the  latter  equation  into 
a  form  similar  to  that  for  convective  heat  transfer; 
thus. 


"Qr  •'  hr  Ap  (T*  -  Tp)  BTU/hr 


For  this  case,  the  radiative  heat  transfer  coefficient, 
hy,  can  be  computed,  with  only  negligible  error  for 
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most  practical  application,  from 
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4  y"6F 


*  /  „ 


a 


+  Tt 


\  3 


(9) 


I 


The  dependence  of  this  coefficient  on  the  cube  of  the 
average  absolute  temperature  (instead  of  the  4th  power) 
is  merely  a  matter  of  convenience  in  calculation  and  may. 
be  used  where  a  fairly  constant  temperature  difference 
and  a  varying  absolute  temperature  may  be  assumed 
(Hefi  ' 3*  'p*  125 )«  1 

Combining  the  above  equations  gives  a  measure  of 
the  error  of  th®  probe  in  terms  of  the  temperature 
difference  between  the  walls  and  the  gast 

i  ,4  ■  ' 


Error,  Tp  -  Tg  ■ 


hr  ** 


hr  ♦  h. 


ft  Error, 


Tn  -  T, 


£ 


■  Tg 


““TThi, 


100 

[l  "♦  hc/hr) 


(10) 


where  A, 


^a'^a 


hr 


-  Probe  area,  ft2 
»  Geometric  factors  for  radiation 

»  Convective  heat  transfer  coefficient, 
BTU/hr-ft2  -F 

*  Radiative  heat  transfer  coefficient, 
BTU/hr-ft2  CF 
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-  Effective  gas  temperature  (  *  static 
temperature  plus  recovery  factor  times 
total  minus  static) 

»  Average  vail  temperature  for  radiation  "F 
(a  complex  quantity  consisting  of  a 
combination  of  shape  factors  and  wall 
temperatures) 

•  Total  radiant  emittance 

«*  Stephan  -  Boltzmann  Constant 


The  above  development  is  taken  from  Reference  3  with  minor 
changes  to  fit  the  present  situation. 

Equation  (10)  clearly  brings  out  the  fact  that,  if 
the  convective  heat  transfer  coefficient  is  extremely 
large  compared  to  the  radiative  heat  transfer  coefficient, 
the  per  cent  error  approaches  zero,  i.e.,  probe  temperature 
equals  gas  temperature.  On  the  other  hand,  if  the  radiation 
is  extremely  high,  the  error  approaches  100% t  i.e.,  probe 
temperature  equals  wall  temperature. 

Equation  (10)  also  shows  that  as  long  as  the  radiation 
is  not  zero  and  there  is  a  difference  between  gas  and  wall 
temperature,  even  if  no  other  sources  of  error  are  present, 
the  probe  temperature  can  never  equal  the  gas  temperature. 
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Turning  to  the  results  of  the  present  test,  the 
marked  improvement  in  going  from  a  1  in,  long  single-  .  _ 
shield  specimen  to  a  2  in.  long  single-shield  specimen 
(OF  Figures  2A  and  B)  is  attributed  to  a  change  in  "shape 
factor".  Due  to  the  shortness  of  the  former  shield,  the 
thermocouple  junction  "sees’*  some  of  the  radiating  wall 
directly,  out  through  the  ends  of  the  shield;  the  longer 
shield,  on  the  latter  specimen,  "shades"  the  junction 
better. 

Reasons  that  would  account  for  the  large  discrepancy 
between  the  two  samples  of  the  1  in.  long  single-shield 
specimen  (-Figure  4)  are  not  readily  apparent.  Visual 
examination  did  disclose  some  differences  between  the 
two  samples,  but  the  major  difference,  that  the  junction 
of  the  better  sample  (specimen  #1)  was  almost  twice 
as  large  as  that  of  the  poorer  sample,  argues  for  a 
discrepancy  the  reverse  of  .that  actually  observed.  That 
is,  specimen  #2  (with  the  smaller  junction)  should  have 
been  the  more  accurate.  Such  an  anomaly  (and  others)  is 
not  peculiar  to  the  present  investigation,  however,  as 
noted  in  Reference  (3)»  tfhat  complicates  matters  further, 
in  the  case  of  the  2  samples  above,  is  that  the  insula¬ 
tion  was  found  to  have  worked  its  way  out  of  the  shield 
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support'  '  of  sample  #1  (it  is  not  known  at  which 
point  of  the  investigation  this  ^curred),  end  the  fact 
that  its  stem  (i.e.,  shield  support)  is  1.14  in.  long 
as  compared  to  sample  #2  the  stem  of  which  is  1.01  in. 
long. 

The  fact  that  the  2  in,  long  double-shield  specimen 
(Figure  4C)  is  not  a  material  improvement  over  the  2  in. 
long  single  shield  specimen  (Cf  Figures  2B  and  C)  may 
well  be  due  to  the  fact  that  the  inner  shield  is  not 
completely  shaded  from  radiation.  Geometric  considera¬ 
tions,  which  demonstrate  that  a  strip  at  each  end  of 
the  inner  shield  sees  the  radiating  wall  directly,  lend 
credence  to  this  view. 

As  regards  the  two  sample  umbrella-shield  specimens 
(Spec,s  d  and  9;  Cf  Figure  4A),  the  only  conspicuous 
difference  between  them  is  that  the  worse  sample  (Spec. #9) 
has  a  more  sharply  curved  shield  which,  possibly,  focused 
the  radiation  in  the  vicinity  of  the  junction.  Measure¬ 
ment  disclosed  that  the  stem  (shield  support)  of  the 
poorer  sample  (Spec.  #9)  is  1.50  in.  long  while  that  of 
the  better  sample  (Spec.  §Q)  is  1,58  in,  long. 

It  was  in  an  effort  to  exclude  the  possibility  of 

focusing,  as  well  as  to  inhibit  the  change  in  air  flow 

(pattern  accompanying  a  change  in  specimen  orientation, 

Note  mrms  seems  to  be  a  common  'cbmpiaint  again sc  the  use  of  *^  | 

Sauereisen  #7  paste.  The  other  specimens  contained  a  ceramic  insula-  J 
tor  in  the  stem  bonded  with-Narmeo  metal  bond  #2021.  I 


FORM  SJ0-7A 
••SI) 


At  worst,  a  half-shield  would  seem  to  afford  hal^ 
as  much  protection  against  radiation.  This  is  not  so 
much  due  to  the  fact  that  the  point  of  attachment,  being 
heated  by  the  radiant  source,  will  be  at  a  higher  than 
air  temperature  (and  thus  radiate  directly  to  the  un¬ 
protected  "bottom"  of  the  instrument}  as  it  is  due  to 
the  fact  that  the  "bottom"  of  the  instrument  will  be 
unprotected  from  reflected  radiation.  The  amount  of 
radiation  reflected  from  surfaces  near  the  thermocouple 
is  not  so  much  dependent  on  the  temperature  of  the 
surfaces  aa  it  is  on  their  reflectivities  or  emissivities. 
The  relatively  poor  performance  (Figure  2G)  of  the 
Revere  instrument  (Photo  p.  Ik  )  was  anticipated  from 
its  construction.  Previous  work  (Reference  2)  indicates 
that  when  the  inter-shield  spacing  is  reduced  below  a 
certain  minimum  value  the  several  shields  act  as  a  unit, 
i«e.,  offer  no  more  protection  than  a  single  shield.  This 
would  seem  to  follow  from  the  fact  that  heat  conduction 
along  the  intarshield  supporting  struts  will  be  greater 
the  shorter  they  are  (also  the  thicker  they  are,  and 
the  more  numerous  -  factors  that  seem  to  have  been  over¬ 
looked  in  the  construction  of  the  present  instrument). 
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Furthermore,  since  both  the  viscosity  and  conductivity 
of  air  increase  with  temperature,  some  contribution 
to  the  increase  in  ©rror  with  smaller  spacing  is 
probably  made  by  the  retarded  convective  heating  in 
the  annular  passages  and  by  heat  conduction  between 
the  shields. 

The  Northrop  triple-shield  specimen  (Figure  UD) , 
though  the  shields  were  not  polished  (The  Revere 
instrument  had  highly  polished  shields),  performed 
considerably  better  (as  shown  by  the  data  of  Figure  2D.) 

Since  an  investigation  such  es  the  present  one 
could  be  continued  almost  indefinitely,  assessing  the 
effects  of  varying  factor  after  factor,  it  was  felt 
that  a  more  profitable  line  of  attack  would  consist 
in  an  outright  attempt  to  design  a  good  instrument 
based  on  theory  tempered  with  the  facts  discovered 
above.  Thus,  an  instrument  was  evolved  which 
differs  in  several  essential  respects  from  any  heretofore 
considered:  shield  material,  size  and  geometry,  and 
method  of  inter-shield  support. 

Of  the  four  new  specimens  constructed  (Figures 
4E  F  &  G  and  Photos  np.  71,73)  the  best  results  were 
achieved  with  a  3  in.  long  outer,  2  in.  long  inner 
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aluminum  shield  specimen  (Figure  4G),  the  inner  shield  | 

being  attached  to  the  outer  with  two  slender  threaded  j 

screws.  This  double-shield  instrument  performed 
considerably  better  than  either  of  the  triple-shield 
specimens  considered,  a3  illustrated  by  Figures  2H,  G, 
and  D. 

Aside  from  the  fact  that  aluminum  cannot  be  silver 
soldered  nor  welded  readily,  the  use  of  screws  as  a 
shield  support  has  the  added  advantage  chat  the  threads 
act  as  minute  fins  and  reduce  the  amount  of  heat  con¬ 
ducted  from  the  outer  to  the  inner  shield.  Limiting  the 
supports  to  two  screws  further  reduces  the  area  available 
for  heat  transfer  by  conduction  from  outer  to  inner  shield 
and  should  give  sufficient  rigidity  for  the  use  contem¬ 
plated*  The  use  of  aluminum,  instead  of  the  usual 
stainless  steel  shields,  is  dictated  by  the  fact  that 
aluminum,  even  when  oxidized,  has  an  emissivity  only 
about  25  per  cent  that  of  stainless  steel.  The  nearly 
universal  acceptance  of  stainless  steel  shields  may  be 
traced  to  the  precedent  established  in  a  long  line  of  high 
gas  temperature  studies  {such  as  obtained  in  slag-bearing 
gases  in  pulverized-coal-fired ,  or  oil  fired  furnaces) 
and  is  uncalled  for  in  applications  such  as  the  present 
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one  where  the  air  temperatures  are  not  expected  to  go 
much  beyond  2Q0g‘F.  Extending  the  outer  shield  beyond 
the  inner  will  have  the  affect,  noted  previously,  of 
keeping  wore  of  the  inner  shield  "in  the  shade".  A  1  in. 
long  inner,  2  in.  long  outor  shield  specimen  might  per~ 
form  aa  well  (this  would  have  to  be  ascertained  experi¬ 
mentally),  but  it  was  not  tried  due  to  the  marked 
improvement  noted  above  in  going  from  a  1  in.  long 
single-shield  to  a  2  in.  long  single  specimen. 

As  mentioned  previously,  strictly  speaking,  the 
results  of  the  predent  test  apply  only  in  the  present 
test  rig.  However,  there  is  little  reason  to  believe 
that  the  best  instrument  in  the  present  experimental 
aet-up  will  not  also  be  the  best  instrument  outside  of 
it;  though  this  instrument  may  not  perform  as  well  in 
a  given  installation,  the  performance  of  the  other 
specimens,  it  is  anticipated,  will  be  still  worse. 

At  any  rate,  it  is  desirable  to  use  the  best  instrument 
in  the  light  of -what  is  known  and  assume  it  will  still 
be  best  in  an  unknown  situation  when  evidence  to  the 
contrary  is  lacking. 

Objections  to  the  use  of  the  umbrella-shield  speci¬ 
mens  have  already  been  dealt  with  above.  Their  greater 
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over-all  inaccuracy  is  depicted  in  Figure  2J. 

It  was  fait  that  constricting  ths  inner  shield 
near  t<he  thermocouple  junction  (Figure  4F)  would 
have  the  desirable  affect  of  promoting  the  convective 
heat  transfer  from  the  junction  as  a  result  of 
increased  air  velocity.-  Such  an  instrument  (Figure  4f) 
was  constructed  to  assess  the  amount  of  improvement, 
if  any.  Unfortunately  this  modification  resulted  in 
a  less  accurate  instrument  (Figure  %1.) .  (Three  of  the 
5  strands  on  each  thermo  couple  w;Lre  had  ‘been  removed, 
^Vii  fy}v<  fQtie^-iftg'2i:9tfxtaMs‘ioi  '£ach  vrii^e  being  formed  ■  '■  ,J 

into  a  junction,  which  should  have  resulted  in  a  more 
accurate  instrument,  so  that,  evidently,  constricting 
the  inner  shield  has  a  more  deleterious  effect  than 
brought  out  by  the  present  data. 
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F  16.^4:  TE5T  5PELC1MLN5 


A.  UMBRELLA  SHIELD 


POUSHjLD  ST,  STL. 


NAI  55-278 


t-ve-  »ViTH 

pc  AT  FOB 

l~B.  I  _UON< 


TWIST  E.NDS  -  SiL.VE-3.  5QU.DER 


..  .)3.GN- COHSTAnTAS- ISSUi--.  ST RANDE-0  WiRtL  | 

SINGLE  SHIELD  (R ELF.  DWG.  «*JgCQ539t) 

==  T Wi5T£-0  LtjJS;  FLASH  WLLGLP 

5HIE.LQ,  STAlf<LL55  STLLL  ^UBt ;  0.035  WALL 

-  SILVER  SOLDttT 

1/4  -  28NF3 

aCN-CONSTANTAN;  IM5UU  STRANDED  WIRE 


w 

T-f 


SAUElQLtSLN  *7  PA5TE 


*Trl 


NOTE  ^LCMe  SPECIMEN  5 AML  L*£L°X  S H 1  LUL- -H A^^S^JVAJ^ANJ 
ST  ELM  CONTAINS  2- ROUE.  CERAMIC  i  NSUL  AT  OR/ P.tT  .  DwS.  #  0  3  06C35L 

C.  DOUBLE  SHIELD  (RET  DWG- *  3206653)”  ^ 

—  -  -  2"  — 1  ^  '  SILVER  SOLDER -12  PLACES  .  ^ 

.  ji/^  j"  5T'LL5S.  ST'l.  0.026  WALL  --- 

*  t  BUTT  WE.LP;5iL/Eft  SOLDER  - 

1  {  SILVER  50LDLR  .  Jr 


|J  CERAMIC  INSULATOR 

-  j\  5/8-24NF3 

tL^WlBPN-CONSTANTAN;lN5UL.t  STRANDED  WIRE. 

D.  TRIPLE  SHIELD  ( QEF.  DW6.  » 32ffM5T^ 

-*  2"  •>- 

i -  j  saa£R  solder  -•  ^ 

L_. .  .  i  g_0  PLACES 


k  I 


5/6-24NF3 


NOTE..  DETAILS  OF  CONSTRUCTIOi 

Same  as  specimen 
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1  ntro*r  koI 

NAI  55-?73  ‘ 

D  ATI 

April  1955 

H0.4  WEST  SPECIMENS 

*oml 

EL.  FLA' 


'MBRLLLA . SHrLlLT 


Eg 


LF.  DWG.  *-320693©. 


WELD.  QP’T- CtNJTPQ  A5  5H0WN 


S'LVER  5  OLDEP. CENTER  BE. LOW  5M1ELD 


CLIPS 

1  K<  5U  L ATEu  STRAYED  IRON -C0M5TAMTAN  WIRE 
5/16  DIA.  ALUMINUM  ROD 


NOTE. '  ONE  ADDITIONAL,  EXACTLY  AS  AcQVE  AND  WITH  2  *2T  W6  *-  TWtC>S 


SHEET  ASBESTOS  COVERED  WITH  ALUMINUM  FOIL 


DOUBl 


silver  solder 


m 


x  \ 


SPUN  aluminum  venturi 


0-SO  MACHINE  SCREWS  (2) 

CERAMIC  INSULATOR  WElO  — 

^ 0-513  QiA.  AuUVTNuVI  STEM -----  -  r  ^ -  77  7 

IN5UL.  STRANDEO  IRON-CONST.  WIRE 


TE.5T  CHAM  BLR 


No  1.00  SQUARE  STN  STL  No  1 


No  10-  2.00  SQUARE  AL  A L 


.000S  AL  AL  Foil 
i.062  Atbestos  Sheet 
Glued  on  vrith  Narmco 
2021  Metal  Bond 


No  11-  2.00  SQUARE  AL  A_ 


(Similar  to  No  10  except 


No  1-  1.00  icy 3  STK  STL  No  1 


*fo  5-  2.00  ICtfG  STK  STL 


No  7-  BA&E 
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4.  . 

Reproduced  by 

DOCUMENT  SERVICE  CENT! 

KNOTT  BUILDING,  DAYTON,  2,  OHH 


This  document  is  the  property  of  the  United  States 
Government.  It  is  furnished  for  the  duration  of  the  contract  <  -id  ’• 
shall  be  returned  when  no^onger  required,  or  upon 

recall  by  ASTIA  to  the  following  address:  — r:- 

Armed  Services  Technical  Information  Agency,  Document  ServT  e  Center 

Knott  Building,  Dayton  2,  Ohio. 


NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATION? i  Ojl!OTHER  DAfh 
aKFI TSED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DSlfiNITELY  RELATED  ’ 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  V.  S.  GOVERNMENT  1  liBREBY  INCUS©- 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  I  ACT  THAT  TB& 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WA*  SUPPL&JD  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REOAItbEU  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOJI^i  OR  ANY  OTHER 
JP^FSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  MANUFACTURE, 
USE m  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO, 


